The manufacturing industry is evolving rapidly, becoming more complex, more interconnected, and more geographically distributed. Competitive pressure and diversity of consumer demand are driving manufacturing companies to rely more and more on improved knowledge management practices. As a result, multiple software systems are being created to support the integration of data across the product life cycle. Unfortunately, these systems manifest a low degree of interoperability, and this creates problems, for instance when different enterprises or different branches of an enterprise interact. Common ontologies (consensusbased controlled vocabularies) have proved themselves in various domains as a valuable tool for solving such problems. In this paper, we present a consensusbased Additive Manufacturing Ontology (AMO) and illustrate its application in promoting re-usability in the field of dentistry product manufacturing.
Introduction
The economic model of the manufacturing industry is increasingly based on the modularization of industrial processes and digitally mediated collaboration between modules both internally, within the enterprise, and externally, through subcontracting and off-shoring. The sharing of information is crucial for facilitat-5 ing such collaboration across all phases in the life of a product from development and design, through production and sale, to use and disposal [1, 2, 3] . As industrial processes come to be further modularized and distributed throughout the entirety of the manufacturing pipeline, more powerful and more intelligent software solutions are required to support the different components and phases 10 of the product life cycle (PLC).
The Economist Intelligence Unit [4] reports that the need for knowledge representation of manufacturing processes is increasing exponentially as technology expedites the rapid exchange of information. In information science, an ontology is a controlled vocabulary implemented in a semantic or knowledge 15 representation language such as the Web Ontology Language (OWL). Ontologies have been successfully used, for example, in military domains and biomedicine.
In the design and manufacturing domains, in contrast, the use of ontologies has not lived up to initial expectations, due not least to a lack of coordination among industrial enterprises. The focus of this paper is to present the Additive 20 Manufacturing Ontology (AMO), an ontology designed to represent the Additive Manufacturing (AM) Product Life Cycle.
AMO is a modular ontology that employs Basic Formal Ontology as its top level, while also drawing from the Common Core Ontologies and three other ontologies from the Coordinated Holistic Alignment of Manufacturing 25 Process Ontologies that represent manufacturing processes: the Manufacturing 2 Process Ontology, the Design Ontology, and the Testing Process Ontology. As an illustrative example, the use of AMO is illustrated in the dentistry manufacturing domain. Unfortunately, MASON's tripartite division of classes into entities, operations, and resources are lack of classificatory coherence. Entity in MASON, for instance, is introduced as comprising the common helper concepts used to specify a product. 45 However, entity as defined in the OWL Web Language Guide [6] and OWL2 Web Ontology Language Structural Specification [7] does not limit the definition in specific concept of specifying product only but also include classes, datatypes, object properties, data properties, annotation properties, and named individuals are entities. 50 Kjellberg et al. [8] introduces the Machine-Tool Model (MTM) as an ontology focusing on the machine tool as a central part of a manufacturing system as 3 well as on the way machine tool information is used throughout the design and operation of such systems. Process planning, for instance, requires information on the functional properties of machine tools, such as the ability to perform 55 different types of machining operations.
Related Work
Both MASON and the MTM were developed from scratch, each in its ad hoc way, and they do not use a common upper-level ontology nor do they reuse the content of other domain ontologies. In this way, they re-create the very lack of interoperability that they were designed to address, but now this lack occurs 60 between ontologies rather than between data systems. Even though MASON was intentionally developed as an upper-level ontology to represent manufacturing information, the entities in MASON are identifiable and concrete to represent manufacturing as the specialized domain of interest instead of being an ontology that is domain neutral. According to Musen [9] , upper-level ontology is defined 65 as an ontology at a sufficiently high level of abstraction such that it does not refer to identifiable, concrete entities in the domain of interest.
MASON's contribution as an upper-level ontology is undeniably has contributed to the development of other ontologies in manufacturing domain. For instance, Ramos [10] introduces the Machine Ontology (MO), which elaborates 70 the representation of machines in terms of the market, material, and operation features. The resultant redundancy between MASON, MTM, and MO led Ramos et al. [11] to present a method for integrating ontology reuse with ontology validation, and they applied this method to the three ontologies in question, using Protêgê-Prompt to find common content and overlapping terms between them.
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The Machine of a Process Ontology (MOP) was developed as a result of this work with the goal of facilitating the buying and selling of industrial machinery; it employs MASON as its reference ontology while drawing in relevant classes and relations from MTM and MO. The CDM-Core Ontology, presented by Mazzola et al. [12] is another ontology that was developed by reusing MASON as one 80 of the upper-level ontology. CDM-Core Ontology includes both the general manufacturing domain applicability and the specific project use cases that can be a guidance for developing other specific applications in manufacturing domain.
Another ontology, the Manufacturing Service Description Language (MSDL), was introduced by Ameri et al. [13] , who employ a methodology relying on 85 the incremental enhancement of an initial set of definitions constructed on the basis of a formal ontology. MSDL is an upper-level ontology that supports the semantic framework for representing conventional manufacturing processes outlined in Kjellberg et al. [8] . The original purpose of MSDL was to serve as the ontology in an agent-based framework for supply chain deployment; for this 90 reason, it employs an analysis of manufacturing capabilities across several levels: the supplier, shop, machine, device, and process.
Mesmer and Olewnik [14] proposes a Part-Focused Manufacturing Process Ontology (PMPO) designed around the idea that a classification of manufacturing processes can be developed on the basis of an account of the desired features and 95 attributes of the products they will be used to manufacture. The ontology thus develops a representation of the qualities used in specifying product requirements, including material composition, cost, shape, size, the surface finish of the product, thickness, and so forth. Users can describe the features and attributes based on the qualities defined in PMPO, and select appropriate manufacturing processes 100 according to the information provided.
Most ontologies designed for the manufacturing domain thus far have been put together with a focus narrowly directed to some specific sub-domain of manufacturing engineering and with little attention to interoperability with other ontologies in related domains. Among the ontologies discussed, MOP 105 and PMPO stand out because they build on prior work. PMPO is especially 5 interesting in that it utilizes not only Basic Formal Ontology but also MSDL, the Ontology for Biomedical Investigations (OBI), and the Common Semantic Model Ontology (COSMO). It is thus, at least to some degree, able to achieve interoperability among data systems deriving from external sources. On the 110 other hand, PMPO is small in scale and has been designed only for traditional machining and molding processes thus it cannot be applied to more modern manufacturing processes such as additive manufacturing.
Ideally, a representation of the manufacturing domain should deal with commonly collected product-related information. Moving forward, we hold 115 that an ontological representation of products and the PLC is a prerequisite for integrating data across systems in the manufacturing domain. Therefore, developing an ontology with a focus on AM products -their qualities, functions, the production, use, and end-of-life is the main objective of this paper. However, our ontology is intended to form part of a larger suite of modular ontologies 120 within the framework of the Industrial Ontologies Foundry (IOF) initiative, and it will accordingly be modified in tandem with IOF development. IOF is an initiative that was proposed to promote interoperability of high quality and non-redundant ontologies in industrial domains or manufacturing specializations [15] . 
Manufacturing Processes and the Product Life Cycle (PLC)
As customer demands diversify, the complexity of products and product repertoires increases, and this gives rise to demand for increasingly innovative manufacturing processes [16] . Understanding the nature of such processes and creating computational systems that can understand and reason about them is 130 crucial, and this means understanding and reasoning across the entire product life cycle (PLC) in the Product Life Cycle Management (PLM). Moreover, Product, Process and Resource (PPR) are the key elements of engineering domain in any manufacturing industry [17] . The information about PPR that is structured in PLM systems requires explicit mapping among the PPR for 135 a complex decision purpose. Therefore, an ontology that provides common vocabularies in representing knowledge could facilitate the full potential of the PLM by supporting information exchange between the PPR in different phases in PLC [17, 18] .
Cao and Folan [19] divide PLC models into two groups: In what follows, we will adopt this granular perspective in conceiving of the PLC as having a scope that includes processes of design and development, 165 manufacturing, usage, maintenance and disposal, as well as the information, materials, qualities, and functions that participate in these processes.
In particular, we take into account also the following key areas of interest regarding the PLC identified by Young et al. [3] :
Information regarding products including product geometry,
170
Potential supply chain capability,
8
Knowledge of what has been done in the past, and
Potential legislation, catalog data, and standards that affect decision making.
Previous Work on Additive Manufacturing Ontology
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Additive manufacturing (AM) is defined by the American Society for Testing and Materials (ASTM) as: the process of joining materials to make objects from 3D model data, usually layer upon layer, as opposed to subtractive manufacturing methodologies [25] . AM is nowadays widely used in industrial product development, and its ability to create almost any possible shape through a 180 process of building up a product layer by layer.
Existing work on the ontology for AM includes SAMPro, for Semantic
Additive Manufacturing Process Planning, described by Eddy et al. [26] . SAMPro is extended from the MSDL; it provides the starting point for a module that suite of ontologies that was released to the public recently that adds general contents to the BFO structure and at the same time are also common to many domain of interest, especially to manufacturing engineering domain. We feel that Information Entity Ontology (IEO) that is part of CCO seems to be able to represent information-related types to manufacturing domain in a more accurate 220 way than IAO. However, there are still works to be done in making the IEO and IAO to be compatible to each other.
Approach for Ontology Development
Although there are is no standard methodology for developing ontologies, Natalya F and Deborah L [32] outlined a simple knowledge-engineering method-225 ology in developing ontology which was followed as a guideline in our work. The methodology include: determining ontology domain and scope, considering ontology reuse, enumerating important terms, defining classes and class hierarchies, defining class properties, defining values for properties, and creating instances of classes.
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We adopted a top-down approach in most of the ontology development A fragment of the BFO class hierarchy is provided in Figure 2 .
An AM process is a process that involves certain sorts of material entities as its participants. A Portion of Material is a subclass of material entity, and instances of Portion of Material are the inputs for instances of AM process.
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Both processes and material entities are distinct from the third type of entity in BFO comprising generically dependent continuants. These are, roughly, patterns that can be exactly copied -they are entities that depend on the existence of at least one bearer at any time during which they exist, but not on any particular bearer. The most important subclass of generically dependent 280 continuant is Information Content Entity, whose instances stand in a relation of aboutness to some entity [40]. Importantly, for our purposes, this class includes instances of reports, sentences, and data values that are about the processes and materials of a manufacturing process. Such information is not itself material, nor is it a process, though it may participate in processes [34] .
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The Common Core Ontologies (CCO) form a set of conservative extensions of BFO with the goal of representing the mid-level entities involving agents, artifacts, actions, and measurements [41] . Figure 3 shows the CCO ontologies with the import structure between them.
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Every class in CCO is the subclass of some class in BFO, and general relations used in BFO are also adopted by the CCO. Process Ontology without changing its' class structures and URI from its' original ontologies. Figure 5 shows the framework for the AMO development. 
The Additive Manufacturing Ontology (AMO)
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Existing classes from BFO, CCO, and CHAMP are imported into AMO and new classes are added in a process of downward population. This ensures that AMO utilizes commonly used terms and definitions and thereby increases the chances that AMO will itself be re-used and integrated with other ontologies.
Process
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There is a canonical order to processes that occur within AM, and that the processes represented in the AMO were selected in order to account for this canonical representation. The class process is defined in BFO as an occurrent entity that exists in time by occurring or happening, has temporal parts, and always depends on some (at least one) material entity [34] . Each of the steps listed by Yang et al. Act is a process in which at least one agent plays a causative role.
IntentionalAct is an Act in which at least one agent plays a causative role and which is prescribed by some Directive Information Content Entity held by at least one of the Agents. In addition to the eight main process classes, there are also conditions where 380 main process classes at the instance level has other process as part of the main 19 process. However, it is not right to put that process class as the subclass of the main process since this process part relations only hold in some cases and not all the time. Figure 7 shows the example of some ActOfSupportRemoval that has process part an ActOfMaterialRemoval and an ActOfPostProcessing that 385 has an ActOfAbrading and an ActOfJoining as process parts. 
Material Entity
BFO defines a material entity as an independent continuant that has some portion of matter as part [34] . Three types of material entity are recognized by BFO: object, fiat object par t, and object aggregate [34] . BFO does not assert that PrintedObject is an object that is and output of some Act of Additive
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Manufacturing.
FinishedObject is an object that is an output of some Act of Post-Processing.
Information Content Entity
An Information Content Entity as defined by the CCO is "a Generically Dependent Continuant that generically depends on some Information Bearing Entity and stands in the relation of aboutness to some entity 4 ". The CCO also provides three sub-relations of 'is about', including: describing, prescribing, and designating.
The AMO makes use of these distinctions provided in the CCO to provide a series of classes of information that either prescribe, designate, or describe ArtifactDesign is a Directive Information Content Entity that is a specification of an object, manifested by an agent, intended to accomplish goals, in a particular environment, using a set of primitive components, satisfying 425 a set of requirements, subject to constraints.
ArtifactModel is an Artifact Design that prescribes a common set of functions and qualities that are to inhere in a set of artifact instances. Definitions from BFO and the CCO are as follows:
has participant is a primitive instance-level relation between a process, a continuant, and a time at which the continuant participates in some way in the process.
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is input of is a relation between a continuant and a process in which the continuant participates. The presence of the continuant at the beginning of the process is a necessary condition for the initiation of the process.
is output of is a relation between a continuant and a process in which the continuant participates. The presence of the continuant at the end of the 450 process is a necessary condition for the completion of the process.
prescribes is for all types T1 and T2, if T1 prescribes T2, then there is some instance of T1, t1, that serves as a rule or guide to some instance of T2, t2. 
Application of AMO to the Dentistry Product Manufacturing
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AMO was developed to serve as a mid-level ontology that can be re-utilized for multiple different types of additive manufacturing. By providing terms for all processes within the AM organized process flow, we feel that AMO is particularly well suited for PLC applications. Besides, to ensure generality of AMO, the properties interrelating objects of different ontologies are only defined directly 460 in the AMO at the instance level. To show the utility of the developed AMO for developing application-specific ontologies, a case study applying AMO to dentistry manufacturing application termed Additive Manufacturing for Dental
Product Ontology (AMDO) is discussed next.
Additive Manufacturing (AM) in Dentistry
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AM has established itself in the dentistry field as a promising alternative to the conventional manufacturing processes. AM has the advantage of yielding accurate one-off fabrication of complex structures in a variety of materials having properties highly desirable for both dentistry and surgery [44] . AM even becoming a feature of many dental surgeries [45] , where it allows direct 470 fabrication of dental prostheses such as crowns and bridges.
As a case study, an application ontology extending AMO with new classes related to the dentistry product manufacturing field has been developed. This application ontology is titled the Additive Manufacturing for Dental Product Ontology (AMDO) and is depicted in Figure 11 (newly added classes are high- 
Case Demonstration
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This section demonstrate an example of the practical uses of the AMDO guided by the work outlined in Khalil et al. [46] . In their work, they evaluate dimensional differences between natural teeth and the printed models using three different AM processes. The process starts with the scanning of three premolars dimension from two dry adult human mandibles by means of an optical scanner 485 to yield the three-dimensional data needed for the dental model. Table 2 shows the specifications of the four 3D printers used in the study Khalil et al. [46] . 24 printed premolar tooth were produced in total and the volume of each replicas are measured and compared against the original premolars. Table 3 shows the overview of the volume measurements of each printed premolar tooth
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with the percentage of volume difference with the original premolars. For the testing purposes of AMDO, we populated all data from Table 2 and inference. Figure 12 shows the result of this query. To identify the type of materials used for each machine and with the layer 535 thickness specification for the printing process, the relations between the process, machine, materials and also the process specification are defined at the instance level. it has high selectivity due to the contraint added to one of the class. Figure 13 shows the result of this query. Figure 15 shows the result of this query. The answers to the example of queries show the ability of the ontology to 595 retrieve information that matched to the queries even though the classes in AMDO are imported from different ontologies. This is because, AMDO is an extension of AMO and AMO is an extension of CHAMP which are extended from the CCO and BFO. We use the import process in developing the ontology to maintain the URI of the classes so that the naming of the class, the class 600 structure, the class definition and the class relations will be standardized in all related ontologies. This will ensure re-usability of the ontology. Even though, we have not tested the interoperability of the ontology yet, but aiming for the re-usability of the ontology is a starting point in achieving interoperability of the ontology.
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Nevertheless, due to the import structure of the AMDO with the AMO,CHAMP, CCO and BFO, we will have CCO terms available in AMDO. The CCO terms may then extend the reach of AMDO to cope with corresponding data concerning persons and organizations, roles of persons (for instance dental technician, patient), measurement units, and cost factors. Thus, the functionality of AMDO
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can be extended to cope with a digital record or a patients history record in such a way as to document the process of maintenance of the dental crown, comparing susceptible of wear of the crown and of associated dental disorders in different patients, perhaps incorporating also terms from the OBOFoundry 6 .
Conclusion and Future Work
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The AMO was developed within the context of a more general treatment of the PLC. It will be helpful to users who employ AM in their work, and who face the challenge of data integration faced by most modern industries today.
It can assist the designer in designing a new product, by enabling access to bodies of data across the entire dentistry product manufacturing domain, for 620 example relating to materials used, patient experiences, maintenance costs, and so forth. The framework is also sufficiently general that it may accommodate the generation of more fine-grained application ontologies in other areas where AM technology is applied.
As the manufacturing industry is evolving rapidly and becoming more com-625 petitive, quality and cost are major factors that need to be focused on by the manufacturers. These factors are affected closely by the process and the material.
We concentrated here primarily on the process aspect in the AM process but in the next stage, we will work on integrating the AMO with the ontology that represents the types of material used in AM and their associated attributes.
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This will build on work on the ontology of material that is part of the CHAMP ontologies, where each ontology in CHAMP constitutes a mid-level ontology that 6 See http://www.obofoundry.org/ontology/ohd.html imports the whole of the CCO, as well as BFO.
